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INTRODUCTION 


The  equilibrium  vapor  pressures  of  hydrochlorlo  acid 
solutions  are  important  to  the  modelling  of  secondary  smoke 
in  reduced  smoke  ammonium  perchlorate  solid  propellant  rocket 
plumes,  ref  1,  since  the  growth  of  the  acid  smoke  droplets 
is  dependent  on  their  equilibrium  pressure.  In  addition,  the 
behavior  of  strong  electrolytes  in  aqueous  solution  is  of 
fundamental  interest.  No  data  were  available  for  hydrochloric 
acid  below  OC  prior  to  the  measurements  made  by  the  principal 
investigator  at  the  University  of  Nevada,  Reno  under  the  spons¬ 
orship  of  AFOSR.  The  experimental  effort  during  the  last  two 
years  has  been  directed  toward  the  measurements  of  the  vapor 
pressure  of  hydrochloric  acid  solutions  saturated  with  KaCl. 
The  pure  acid  measurements  were  reported  in  ref  2. 

It  is  known  that  inorganic  salts  dissolved  in  hydro¬ 
chloric  acid  will  significantly  modify  its  equilibrium  vapor 
pressure  due  to  their  effects  of  the  activities  of  the  HCl 
and  water  in  the  liquid  phase,  ref  3.  The  change  in  the  vap¬ 
or  pressure  will  in  turn  affect  the  formation  of  the  secondary 
smoke,  refs  4,  5.  The  major  contaminants  found  in  manufact¬ 
ured  ammonium  perchlorate  are  sodium  and  potassium  salts. 
Trlcalcium  phosphate  is  added  to  the  ammonium  perchlorate  in 
propellant  processing,  providing  a  major  source  of  soluble 
electrolyte.  All  these  are  present  in  sufficient  quantity  in 
the  plume  to  nucleate  the  formation  of  secondary  smoke,  and 
to  subsequently  Influence  the  dynamics  of  formation  of  the 
smoke  droplets.  Typically  there  are  approximately  0.2  wt  pet 
of  trlcalcium  and  200  ppm  of  sodium  cation  in  the  ammonium 
perchlorate.  Assuming  that  the  average  condensation  nucleus 
radius  is  0.06  micron,  ref  6,  the  number  of  nuclei  emitted 
from  a  typical  reduced  smoke  rocket  as  CaClo  may  be  esti¬ 
mated  to  be  3.6  /  15  per  sec  ft2  and  1.2  /  13  per  sec  ft2 
as  NaGl.  Reference  1  reports  8.4  /  14  per  sec  ft2  measured 
for  such  a  reduced  smokd  rocket.  Although  the  calculation 
is  approximate,  there  is  clearly  sufficient  salt  present  in 
the  rocket  plume  to  nucleate  She  observed  secondary  smoke. 
Inclusion  of  other  soluble  salts  by  entrainment  in  the  plume 
from  the  atmosphere  are  relatively  small.  ^Jther  sources  of 
soluble  salts  found  in  the" propellant  formulation  include 
ballistic  modifiers  and  combustion  resonance  suppressors. 

If  iron  and  copper  modifiers  are^-avoided,  none  of  the  others 
commonly  used  will  provide  salts  soluble  enough  in  hydrochlor¬ 
ic  acid  to  produce  major  effects  on  its  vapor  pressure.  The 
choice  of  NaGl  and  CaClo  as  the  salts  for  the  study  were 
based  on  these  practical  considerations  as  well  as  for  the 


soientifio  Implications. 

Data  are  available  for  the  activities  of  NaCl-HCl-water 
solutions  for  0  to  50C,  ref  3,  permitting  predictions  of  vap¬ 
or  pressure  over  this  temperature  range.  The  present  grant 
research  covers  the  range  below  OC  to  -40C.  Less  data  exist 
for  CaClg-HCl-water  but  only  the  0  to  -40C  range  is  being 
studied  since  this  range  la  more  Important  from  a  smoke 
viewpoint.  Further  the  experimental  equipment  is  most  suit¬ 
able  for  this  rang 6.  The  CaOlg  solution  studies  have  been 
initiated  but  it  is  too  early^to  report  any  results  at  this 
time . 

EXPERIMENTAL 

As  shown  schematically  in  Figure  1,  a  2  liter  Pyrex 
flask  is  immersed  in  an  Insulated  methylene  chloride  bath 
cooled  by  a  two-stage  mechanical  refrigeration  system.  The 
temperature  of  the  bath  is  held  within  ±  0.1C,  monitored 
by  a  calibrated  platinum  resistance  thermometer.  Removal  of 
air  from  the  system  is  accomplished  by  a  mechanical  vacuum 
pump  in  series  with  a  liquid  nitrogen  trap.  Pressures  are 
measured  with  two  MKS  Baratron  Type  220  gauges  (10“°4  to 
1  torr,  and  10"02  to  102  torr)  calibrated  by  the  manufact¬ 
urer  by  means  of  a  transfer  standard  and  a  OEC  air  dead¬ 
weight  tester  to  *0  .02  pet  of  full  range.  The  acid  is  sep¬ 
arated  from  the  salt  by  distillation  in  a  closed  glass  sys¬ 
tem.  Samples  of  the  distilled  acid  and  the  salt  dissolved 
in  water  are  analyzed  to  / 2 %  maximum  standard  deviation 
using  a  Barnstead  Model  FM-TOCB  eleotroconductivity  bridge, 
a  Yellowstone  YSI  3400  Pyrex  cell,  and  standard  solutions . 

Vapor  compositions  are  measured  for  samples  drawn  from 
the  vapor  chamber  into  a  Varlan  VGA- 100  quadrupole  mass  filt¬ 
er.  The  ratio  of  partial  pressures  of  water  to  HC1  is  de¬ 
termined  from  the  recorded  mass  spectra  in  the  range  of 
14  _  20  and  34  -  40  mass  numbers.  The  spectra  are  obtained 
at  mass  filter  pressures  of  approximately  3-0  -06  torr, 
sampling  continuously  from  the  vapor  chamber  open  to  the 
solution  flask,  and  pumping  on  the  mass  filter  with  a  Varian 
20  liter  per  sec  Vaclon  pump.  As  described  in  ref  2,  the 
relative  sensitivity  of  the  instrument  to  water  and  HC1  was 
determined  to  be  3.95  from  thermodynamic  analysis  of 'the 
data  near  the  azeotrope .  Independent  sensitivity  measurements 
described  below  have  been  made  which  are  4.2#  lower  to  13.9# 
higher  depending  on  the  composition  of  the  gases. 

All  valves  and  fittings  are  made  of  AISI  304  and  315 
steel.  Viton  0-rings  and  copper  gaskets  are  used  in  the  valves 
and  fittings.  All  metal  parts  in  continuous  contact  with 


acid  vapor  are  coated  with  Dow  vacuum  grease.  No  significant 
corrosion  of  metal  parts  has  been  experienced. 

The  experimental  procedure  followed  is; 

(1)  The  solution  is  cooled  to  the  desired  temperature 
over  night  or  longer.  The  whole  system  is  then  pumped  down 
to  a  pressure  below  the  range  of  the  Baratron  gauges.  The 
solution  Itself  is  deaerated  by  slowly  opening  the  flask  to 
the  evacuated  vapor  chamber,  allowing  the  system  to  reach 
equilibrium,  reisolating  the  flask  and  repumping  down  the 
vapor  chamber  -  repeating  the  cycle  at  least  five  times  be¬ 
fore  taking  any  data. 

(2)  The  flask  valve  is  opened  slowly  to  the  evacuated 
vapor  chamber  to  avoid  violent  boiling  and  splattering,  and 
the  pressure  measured  as  a  function  of  time  over  at  least 

a  fifteen  minute  period.  Measurements  are  repeated  five  or 
more  times.  Small  corrections  for  minor  leaks  are  made  from 
the  slope  of  the  vapor  pressure  -  time  curve. 

(3)  Subsequently,  mass  spectrographio  analyses  are  made 
by  bleeding  samples  of  gas  from  the  vapor  chamber  into  the 
gas  analyzer.  Measurements  are  made  at  15  minute  intervals 
until  equilibrium  is  established.  Small  corrections  are  made 
for  background  water  and  HG1  in  the  gas  analyzer.  The  mass 
filter  is  pumped  down  below  1.  -08  torr  before  Introducing  the 
gas  samples  to  minimize  background  spectra. 

(4)  a  sample  of  the  liquid  solution  is  taken  after  each 
test  sequence,  and  the  acid  separated  from  the  salt  by  dist¬ 
illation.  Acid  samples  are  subsequently  diluted  by  50  to  200 
to  1  depending  on  the  initial  concentration.  The  salt  recov¬ 
ered  is  dissolved  in  20  ml  of  distilled  water.  The  conduct¬ 
ivity  of  the  acid  samples  is  compared  with  those  of  certifi¬ 
ed  N/30  and  N/10  standards  .  Salt  solution  conductivity  is 
compared  with  standardized  0.0025,  0.005,  0.04  and  0.1N  sol¬ 
utions  made  up  from  reagent  grade  sodium  chloride  and  dis¬ 
tilled  water. 


RESULTS 

A.  Relative  Sensitivity  of  Water  to  HC1  of  Quadrupole  Mass 
Filter 

As  described  in  ref  2,  the  relative  sensitivity  was  de¬ 
termined  to  be  3.95  from  a  comparison  of  experimental  vapor 
liquid  equilibria  data  of  pure  hydrochloric  acid  solutions 
near  the  azeotrope  with  thermodynamic  predictions  using  the 
Glbbs-Duhem  equation  and  total  pressure  -  liquid  composition 
data.  T  he  prediction  was  necessarily  based  on  limited  data 
and  it  was  deoided  to  modify  the  experimental  equipment  to 
measure  the  sensitivity  directly.  Pure  HOI  or  water  vapors 
were  Introduced  directly  into  the  mass  filter  and  the  relative 
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sensitivity  measured  over  a  range  In  Instrument  pressures  - 
0.2  -07  to  3.0  -06  torr.  By  comparing  the  speotral  areas 
of  water  and  HOI  at  the  same  pressure,  the  relative  sensit¬ 
ivity  was  obtained  as  a  funotion  of  partial  pressure  of  HC1. 
The  data  for  HC1  and  for  water  were  each  correlated  by  least 
square  deviation  to  a  linear  correlation  of  area  and  pressure 
No  significant  decrease  in  deviations  resulted  from  using  a 
second  or  third  order  polynomial,  although  a  better  corre¬ 
lation  was  obtained  when  the  data  below  1.  -06  were  correlat¬ 
ed  separately.  The  resulting  correlations  were  as  follows: 


1.0  -06: 

=  1.-177-05  A 
=  2.493-05  A 


HOI 

H20 


-  1.651-07,  CTs  1.-07  torr 
-1.325-07  ,  <T~  =  6.-08 


P  *  3.0 

P  -  9 
pHd  r  2 
n20 


-06 : 

.758-06 

.446-05 


:hoi 

n20 


.258-08 

-1.171-07 


-  2.-07 

<r*  3.-07 


The  measurements  were  made  for  a  detector  sensitivity  of 
lO”1^  and  10“°9  arap/dlv  for  HC1  and  water  respectively  with 
a  three  second  sweep  at  a  recorder  setting  of  full  range 
at  a  chart  speed  of  1  in/seo. 

The  relative  sensitivity  of  water  to  HC1,  F,  calculated 
from  these  correlations  is  shown  in  Figure  2  as  a  function 
of  Pufi-.  in  the  mass  filter.  The  factor  previously  derived 
fromntne  Gibbs-Duhem  equation  is  4.2^  higher  to  13.9/6  lower 
than  the  factors  in  Figure  2  for  the  range  of  measurements . 
All  vapor  data  obtained  have  now  been  corrected  for  the  new 
sensitivity  factors.  They  are  used  in  a  paper  to  be  submitted 
for  publication  reporting  on  the  results  of  the  pure  HCl 
solutions . 


B.  NaCl-HC 1-Water  Solutions 

(1)  Thermodynamic  Consistency  Equations 
A  thermodynamic  consistency  equation  based  on  the  Glbbs- 
Duhem  equation  has  been  derived  for  the  salt-acid  solutions 
analogous  to  the  one  previously  used  for  the  pure  solutions: 


dP'/dy'  -  P’(y{  -  x')/(yjU  -  y£)  -(P'xJ/a^dayfay*  (1) 


where  a. 


=  aotivlty  of  the  salt  in  solution 
=  x./U,  /  x2) 

=  xi/(x?-  /  x|) 

o;,x„,x,=  mol  fractions  of  HCl,  water  and  salt  in 
x  J  liquid  phase 

s  mol  fraotlon  of  HCl  in  vapor  phase 
=  total  equilibrium  vapor  pressure  of  salted 
solution 
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For  these  solutions,  the  composition  of  the  vapor  phase  can¬ 
not  be  predicted  solely  from  the  total  pressure  and  the  liqu¬ 
id  phase  mol  fractions,  as  was  the  case  for  the  pure  solution. 
However  equation  (1)  does  permit  the  computation  of  the  activ¬ 
ity  of  the  salt  In  solution.  Correlation  of  the  excess  free 
energy  calculated  from  the  activity  coefficients  by  a  poly¬ 
nomial  expression  can  be  thermodynamically  tested  for  major 
discrepancies.  Additionally,  the  Setschenow  equation, 

3X  =  p{/p^  =yjP'/y1P  =  exp(kaCB)  (2) 

can  be  used  to  test  the  experimental  partial  pressure  data  of 
the  salted  solutions,  pi,  compared  with  that  of  the  pure  sol¬ 
ution,  p  ,  for  the  same  "ratio  of  HC1  to  water  with  increasing 
salt  concentration,  C  .  k  Is  a  salt  coefficient  and  y  the 
vapor  mol  fraction  for  the  pure  solution.  1 

(2)  Experimental  Results 

a)  Vapor-Liquid  Equilibria 

The  vapor  pressures  for  saturated  solutions  are  given 
in  Figures  3  through  5  for  the  nominal  temperature  range  of 
0  to  -40C.  Previous  measurements  for  saturated  concentrated 
hydrochloric  acid  ( 12N  at  room  temeperature)  and  for  the  6n 
solution  (at  room  temperature)  were  repeated  because  of  sus¬ 
pect  results .  The  total  pressure  measurements  repeated  very 
satisfactorily,  confirming  the  precision  of  the  measurements. 
The  partial  pressures  of  HOI  are  higher  (and  the  partial 
pressures  of  water  lower)  for  the  6N  solution  than: obtained 
originally.  Also  the  measured  composition  of  the  liquid  phase 
for  the  concentrated  solution  is  higher.  The  results  are  now 
more  consistent  with  the  results  for  lower  acid  concentration. 

b)  Solubility  of  NaCl  In  Hydrochloric  Acid 

Solubility  data  are  only  available  in  the  literature 

for  approximately  room  temperature.  Last  year's  report,  ref  2, 
presented  early  data  for  solutions  below  00.  Additional,  more 
complete  data  has  since  been  obtained.  In  Figure  6  are  pre¬ 
sented  the  experimental  solubility  data  for  NaCl  in  gmol  per 
1000  g  HpO  as  a  function  of  acid  composition  and  temperature. 

c)  Density  of  NaCl-HCl-Water  Solutions 

In  order  to  express  the  solubility  independently  of  temp¬ 
erature,  as  a  mol  fraction  or  molality,  density  values  are 
needed.  No  data  could  be  found  for  saturated  solutions  below 
20  -  30C.  A  series  of  measurements  was  made  with  Gay-Lussac 
2  ml  and  10  ml  pycnometers.  Vaporization  of  the  solutions 
was  minimized  by  the  use  of  oaplllary  caps  and  by  rapid  weigh¬ 
ing.  The  results  are  precise  to  1  mg/ml.  They  are  given  in 
Figure  7  compared  with  the  literature  data  for  salted  and 
pure  solutions.  The  salt  solution  densities  are  significantly 
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different 

/from  pure  HCl  solutions  for  aoid  concentrations  more  dilute 
than  7M. 


DISCUSSION 

A.  Vapor-Liquid  Equilibria 

In  all  solutions,  the  salt  Increases  the  equilibrium 
partial  pressure  of  HC1  and  decreases  the  partial  pressure 
of  water.  The  effect  of  the  NaCl  is  greater  in  less  concent¬ 
rated  aoid  since  the  amount  of  salt  dissolved  is  one  to  two 
orders  of  magnitude  larger  than  for  the  mdre  concentrated 
solutions.  It  is  interesting  to  note  that  in  a  salted  solu¬ 
tion,  the  liquid  composition  at  which  the  minimum  total  pres¬ 
sure  occurs  does  not  necessarily  correspond  to  equal  vapor 
and  liquid  composition,  as  it  does  for  pure  solutions.  An 
examination  of  equation  (1)  indicates  why  thiB  is  30,  l.e. 
the  activity  of  the  salt  in  solution  is  a  significant  factor 
in  the  change  of  total  pressure  with  composition.  Experiment¬ 
ally,  Figures  4  and  4a  show  partial  pressures  of  HC1  at  X™, 
of  0.1101  to  be  higher  than  for  x  of  0.1475  for  example. 

For  pure  acid  solutions,  the  partial  pressure  of  HCl  decreases 
regularly  with  a  decrease  in  liquid  acid  mol  fraction. 

B.  Solubility  of  NaCl  in  Hydrochloric  Acid 

The  general  decrease  in  solubility  of  NaCl  with  increas¬ 
ing  acidity  as  shown  in  Figure  6  is  expected.  The  change  in 
the  solubility  characteristic  at  lower  temperatures  for  a 
fixed  acid  composition,  i.e.  the  appearance  of  a  maximum  in 
solubility  was  surprising.  It  suggests  the  formation  of 
NaCl*nH20  with  n  most  likely  to  be  1  or  2  as  is  known  for 
equilibrium  salt-water  solutions  below  OC.  The  temperature 
at  which  the  salt  hydrate  forms  varies  with  the  acid  concen¬ 
tration.  The  data  suggest  that  the  lowest  temperature  for 
formation  of  the  salt  hydrate  occurs  near  the  minimum  pressure 
composition. 

The  formation  of  the  salt  hydrate  had  no  significant 
effect  on  the  partial  pressures  of  HCl  and  water.  However,  in 
secondary  smoke  formation,  the  hydrate  will  be  another  sinlt 
for  water  condensation  in  the  plume,  partially  compensated 
by  a  temperature  rise  of  the  droplet  due  to  the  heat  of  hyd¬ 
ration. 


FUTURE  PLANS 

(1)  Complete  the  measurement  of  the  equilibrium  vapor 
pressures  of  the  NaCl-HCl-water  solutions  for  NaCl  concent¬ 
rations  between  zero  molality  and  saturation  for  nominal 
acid  compositions  of  7  -  57  wt  pet  at  temperatures  between 
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0  and  -400. 

(2)  Conduct  vapor-liquid  equilibria  measurements  for 
hydrochloric  acid  solutions  containing  dissolved  oaloiuo  chlor¬ 
ide  . 

(3)  Perform  thermodynamic  consistency  tests  on  the  salt- 
acid  solution  data.  Repeat  measurements  as  required.  Extrapol¬ 
ate  data  thermodynamically  to  compositions  which  are  beyond 
the  capability  of  the  experimental  equipment. 

(4)  Submit  a  manuscript  for  publication  in  an  archive 
Journal  for  the  NaCl-HCl-water  solution  vapor-liquid  equili¬ 
bria. 
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